Fabrication of highly mobile spin-polarized two-dimensional electron gas (2DEG) is crucially important for both fundamental and applied research. Usually, spin polarization appears below 10 K for the 2DEG of LaAlO 3 /SrTiO 3 interface, stemming from the magnetic ordering of Ti 3+ ions with the mediation of itinerant electrons. Herein, we report a magnetic 2DEG at a La 7/8 Sr 1/8 MnO 3 -buffered LaAlO 3 /SrTiO 3 interface, which simultaneously shows electrically tunable anomalous Hall effect and high conductivity. The spin-polarized temperature for the 2DEG is promoted to 30 K while the mobility remains high. The magnetism likely results from a gradient manganese interdiffusion into SrTiO 3 . The present work demonstrates the great potential of manganite-buffered LaAlO 3 /SrTiO 3 interfaces for spintronic applications.
I. INTRODUCTION
The two-dimensional electron gas (2DEG) formed at the LaAlO 3 /SrTiO 3 (LAO/STO) interface has attracted extensive attention in recent years because of its great potential for exploration of novel physics and new generation of electronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Since the 2DEG is confined to an ultrathin layer underneath LAO, it is extremely sensitive to surface/interface states. There are various attempts to improve the performance of the 2DEG via surface/interface engineering. As demonstrated by Huijben et al. [12] , the impurity scattering at the conducting interface can be strongly reduced by a SrCuO 2 cap layer of a few unit cells (uc) in thickness, which causes an increase of carrier mobility from 1 × 10 3 to 5 × 10 4 cm 2 /Vs. Through writing charges on sample surface, alternatively Xie et al. [13] promoted the carrier mobility from 6 × 10 3 to 2 × 10 4 cm 2 /Vs. An even stronger effect was produced by interface engineering with manganite buffer layers [14, 15] . As recently shown by Chen et al. [14] , the carrier mobility of the 2DEG at the amorphous-LAO/STO interface can be increased from 10 2 up to 7 × 10 4 cm 2 /Vs by the introduction of a 1-uc-thick crystalline La 7/8 Sr 1/8 MnO 3 (LSMO) spacer, amplified by more than two orders of magnitude.
In addition to high mobility, another strongly desired characteristic for oxide 2DEG is spin polarity, which will allow us to explore the core issues of spintronics for all-oxide devices, such as spin generation, spin transport, and spin-to-charge conversion. Unfortunately, reports on ferromagnetic (FM) 2DEG at oxide interfaces remain controversial. Brinkman et al. [5] first reported the signature of magnetism at the interface of LaAlO 3 /SrTiO 3 . They observed a hysteresis loop in magnetoresistance and Kondo effect in the resistancetemperature relation. Based on the analysis of x-ray magnetic circular dichroism, Lee et al. [16] declared a FM order at 10 K for the 2DEG of LAO/STO. Through magnetic force * yunc@dtu.dk † rcyu@iphy.ac.cn ‡ jrsun@iphy.ac.cn microscopy, Bi et al. [17] observed magnetic phases at room temperature. Using the technique of scanning superconducting quantum interference device, authors from different groups have observed dipolelike magnetic patches at the interface of LaAlO 3 /SrTiO 3 [18] [19] [20] . Through macroscopic magnetic measurements, Ariando et al. [21] obtained magnetic loops up to room temperature. However, the above magnetism emerges often when electrons are depleted from the interfaces or the establishment of the magnetism does not require interface conduction. So far, anomalous Hall effect (AHE), which is a fingerprint of the ferromagnetism of 2DEG, is detected only at very low temperatures. The first AHE was reported by Shalom et al. [22] for the 2DEG of LAO/STO at 20 mK. Then, a spin-polarized 2DEG below 8 K was declared by Stornaiuolo et al. [23] , who inserted a 1-uc EuTiO 3 spacer between LAO and STO and observed AHE. Through optimizing the density of Sr and O vacancies in NdGaO 3 /STO, recently Gunkel et al. [24] obtained the highest temperature of ∼10 K for the AHE. Obviously, the magnetic ordering temperature suggested by the AHE is much lower than that expected from the macroscopic [21] and microscopic [17] magnetic measurements. It remains elusive how to enhance the FM order of the 2DEG, and whether the introduction of interface magnetism will deteriorate carrier mobility. Inspired by the idea of modulation doping as demonstrated by Chen et al. [14] and Trier et al. [15] , we hereby report that gradient manganese doping to interface, by elaborately controlling the interface diffusion of LSMO-buffered LAO/STO, can result in FM exchange of the metallic interface, without slowing down the mobile electrons. By gate-tuning the coupling between local moments and mobile electrons, we succeeded in obtaining spin-polarized 2DEG with the Hall mobility up to 10 4 cm 2 /Vs. Moreover, the upper-limit temperature for the 2DEG to be FM is raised to ∼30 K, threefold as large as that previously recorded.
II. EXPERIMENTS
Crystalline LAO/LSMO/STO samples with controllable interface diffusion were grown by pulsed-laser ablation with the following procedure: At first, an ultrathin amorphous LSMO layer with a predetermined thickness of t = 1, 2, or 3 nm was deposited on the TiO 2 -terminated (001)-STO substrate (5 × 5 × 0.5 mm 3 ) at ambient temperature, and then an 8-uc-thick crystalline LAO layer, as monitored by reflected high-energy electron diffraction, was grown after heating substrate up to 650
• C. The pulse fluence is 1.5 J/cm 2 and the repetition rate is 1 Hz (λ = 248 nm). After deposition, the sample was cooled to room temperature at a rate of 10
• C/ min without changing the deposition oxygen pressure of 10 −5 mbar. As expected, the amorphous LSMO is crystallized during heating. Notably, this procedure enables us to achieve highly conducting interface; even the LSMO buffer layer thickness is thicker than 2 uc (0.8 nm). If a crystalline LSMO buffer layer is epitaxially grown on STO at the very beginning, the resulting LAO/LSMO/STO heterostructures always become insulating when LSMO is thicker than 1 uc. To enhance the magnetic effect of LSMO on 2DEG, here we grew a thick amorphous buffer layer rather than a thin crystalline layer. We give a primary explanation for the different electronic behaviors of these two kinds of 2DEGs later. As a reference, a crystalline LAO/STO sample without LSMO buffer was also prepared following the same procedure.
Lattice structure and interfacial chemical composition of the sample were analyzed by an aberration-corrected scanning transmission electron microscope (STEM) with double C S correctors (JEM-ARM200F) and an electron energy-loss spectroscopy (EELS), respectively. Resistive measurements were conducted by a Quantum Design physical property measurement system. The van der Pauw geometry was adopted for the measurement and ultrasonic Al wire bonding was used for electric contact. To tune carrier density, a gate bias was applied at the backside of STO through a Ag electrode while the LAO/LSMO/STO interface was grounded. The maximal leakage current was about 10 nA, much lower than the applied current of 10 μA for resistance measurements.
III. RESULTS AND DISCUSSION
The sharp interface of amorphous-LAO/LSMO(1-uc)/STO is highly conductive but exhibits a linear Hall effect across the whole temperature range from 2 to 300 K [14, 15] , indicative of a nonmagnetic state. Now we fabricated our crystalline LAO/LSMO/STO samples with controllable interface diffusion that results in gradient manganese doping to STO by pulsed-laser ablation with the procedure described above. Figure 1 (a) is a sketch of the 2DEG at the LAO/LSMO/STO interface, showing an ultrathin LSMO layer sandwiched between nonpolar STO and polar LAO. Analogy to its amorphous counterpart [14] , the metallicity of the 2DEG is remarkably improved by the introduction of a LSMO spacer with appropriate thickness (t). As shown in Fig. 1(b) , the R S (300 K)/R S (2 K) ratio exhibits a more than one order enhancement, varying from ∼14 for t = 0 to ∼186 for t = 1 nm. When t exceeds 2 nm, however, the sample turns out to be highly insulating (see Supplemental Material [25] ). These results indicate that a thick LSMO spacer has blocked the polar-discontinuity-induced charge transfer from LAO to STO. According to the polar catastrophe model, half an electron per unit cell will be transferred from the surface AlO 2 layer to the LAO/STO interface. However, if a LSMO buffer layer exists between LAO and STO, electron from LAO will first fill into the Mn e g states of LSMO since they exhibit lower energy levels than the Ti t 2g states [14] . When the LSMO layer is thick enough, it will completely prevent the LAO to STO charge transfer. Hereafter, we will focus on the optimal sample of LAO/LSMO(1-nm)/STO. takes place [ Fig. 1(d) ]. However, this will not affect the 2DEG at the LSMO/STO interface.
Our following magnetotransport measurement reveals the presence of a nonlinear Hall effect in the LSMO-buffered sample of t = 1 nm. Summarized in Fig. 2(a) is the Hall resistance (R XY ) of LAO/LSMO(1-nm)/STO, measured in the temperature range from 2 to 250 K as a function of magnetic field (B). When temperature is high, R XY varies linearly with applied field. This is the typical behavior of the normal Hall effect (NHE), and gives rise to a carrier density of ∼1.4 × 10 14 cm −2 at 295 K and ∼5.3 × 10 13 cm
at 75 K. When the sample is cooled to 50 K, curve bending emerges around B = 0 and develops upon further cooling to 2 K. Nonlinear Hall effect is also observed in unbuffered LAO/STO interface [ Fig. 2(b) ]. But, it can be described by a two-band model as previously reported by Joshua et al. [26] . It is therefore a NHE in nature. In contrast, our buffered sample (t = 1 nm) exhibits a much stronger curvature in the low-field range (|B| < 1.7 T), which cannot be reproduced by the two-band model. To highlight this feature, in Fig. 2(c) we show the Hall coefficient defined by the differential of R XY with respect to B. Different from the broad concave around B = 0 of the unbuffered LAO/STO, the Hall coefficient of LAO/LSMO(1-nm)/STO forms a deep pit. Instead, as illustrated in Fig. 2(d) , this nonlinear Hall effect for t = 1 nm can only be reproduced by an extended two-band model that combines the two-band conduction-dominated NHE with an AHE effect (see Supplemental Material [25] ),
Here, the Langevin function L(x) is introduced to simulate step-shaped AHE curve in form, α is a scale factor, and m is magnetic moment (see Supplemental Material [25] for two-band model calculation). As illustrated in Fig. 2(d) , the model calculation (thin cyan line) well reproduces the measured (thick green line) Hall resistance (the deduced carrier densities and mobilities are shown in Fig. 4) . Basically, the normal Hall resistance (R NHE ) varies smoothly with H in the whole field range, with slight but identifiable curve bending. In contrast, the anomalous Hall resistance (R AHE ) is constant in high-field range and undergoes a drastic change as B sweeps through a narrow-field range around B = 0. Notably, R AHE exhibits an opposite sign to magnetic field. It is this feature that leads to the deep pit of the Hall coefficient. This is in sharp contrast to NdGaO 3 /STO [24] [blue curves in Fig. 2(d) ] or LAO/EuTiO 3 /STO [23] , for which R AHE owns the same sign as the applied field. The change in the AHE sign may result from the difference in spin polarization of our buffered sample.
The Hall resistance displayed in Fig. 2(d) for the NdGaO 3 /STO interface comes from Ref. [24] . It is the anomalous Hall resistance. The corresponding data were extracted from the R XY -B curve at 2 K in Fig. 2(a) of Ref. [24] . The normal and anomalous Hall resistances have been determined by the technique described there.
Figure 2(e) shows the deduced R AHE -B dependence as a function of temperature, where R AHE has been normalized by R S to compare with the results of different samples. All of the R AHE -B curves are step-shaped, with the most drastic changes taking place between −2 and 2 T. With the increase of temperature, the step height decreases first slowly and then rapidly. However, the general R AHE -B dependence remains unchanged, i.e., the saturation field for R AHE does not vary with temperature. As a summary, in Fig. 2(f) we show the temperature dependence of the normalized R AHE , recorded under a field of 7 T. No AHE is visible for the sample of LAO/STO even in the low-temperature regime. For the sample of t = 1 nm, AHE sets in at 30 K, develops rapidly upon further cooling, and saturates below 5 K. We have prepared three t = 1 nm samples with the same condition, and observed essentially the same electronic behaviors.
The LSMO buffer layer is insulating (not shown), and its resistance is well above that of 2DEG. As a result, when the LSMO buffer layer and the 2DEG are measured simultaneously, the Hall signals are mainly contributed by the 2DEG, i.e., the observed R ANE comes from the buffered 2DEG. In general, AHE stems from the asymmetric scattering of charge carriers from orientated magnetization [27] . Its appearance implies the occurrence of spin polarization and long-range FM order in our buffered sample. Notably, compared to the NdGaO 3 (8-uc)/STO [24] and LAO/EuTiO 3 /STO [23] , where the AHE occurs at a temperature below 8 K, the temperature span for our 2DEG to be spin-polarized has been threefold expanded (∼30 K). As will be seen later, this could be ascribed to the gradient doping of Mn to STO.
In addition to temperature, gate biases (V G ) also have a strong effect on AHE. As shown in Fig. 3(a) , positive V G bends the R XY -B curve further, whereas the negative ones flatten it. The gate dependence of the R AHE is given in Fig. 3(b) , deduced from a quantitative analysis of the R XY -B curve. The maximal R AHE /R S is ∼1.2 , appearing under an applied voltage of 40 V. It decreases as V G sweeps from 40 to −20 V, and completely vanishes below −30 V. Accompanying the weakening of the AHE, the Kondo effect develops [ Fig. 3(c) ]. These features are similar to those of the 2DEG of LAO/EuTiO 3 /STO but the local magnetic moment now is from Mn 2+ or Mn 3+ rather than Ti 3+ . It should be emphasized that our AHE is distinct in a sense it shows an opposite sign to the reported one [23, 24] . This implies a change in the manner of spin scattering when a LSMO spacer is inserted between LAO and STO. Probably, besides the Ti 3+ scattering centers as reported in LAO/EuTiO 3 /STO [23] , Mn ions, which were determined to be Mn 2+ according to the x-ray photoelectron spectroscopy analysis (see Supplemental Material [25] ), also contribute to magnetic scattering. This conclusion seems to be supported by a quantitative analysis of the Kondo effect. As shown by the solid line in Fig. 3(c) , the resistance upturn can be well reproduced by the standard formula [28] [29] [30] 
with the parameters of R 0 = 21.4 ± 0.2 / , R k = 40.0 ± 0.5 / , T k = 13.4 ± 0.2K, a = 0.38 ± 0.02 / K 1.42 , b = 1.42 ± 0.01, and S = 1.1 ± 0.2. A clear Kondo effect is also observed under the V G of −30 and −40 V, and well described by Eq. (2) adopting appropriate fitting parameters (see Supplemental Material [25] ). A common feature of these fitting parameters is that the S is close to 1.1. Notably, S = 1.1 is much larger than the 0.225 that is usually obtained for a Ti 3+ ion [30] . Considering Kondo screening, this result means the involvement of additional ions in the process of Kondo scattering, with a spin well above 1.1. This result echoes the observation of significant diffusion of Mn ions into STO. According to the EELS analysis, gradient doping of Mn into STO has taken place. The Mn content in the first TiO 2 layer can be as high as ∼24%. It corresponds to a density of ∼1.6 × 10 14 cm −2 , i.e., most of the electrons that are expected to be transferred to the interface within the polar catastrophe model are now localized by Mn ions. As spin scattering centers, obviously Mn 2+ /Mn 3+ could be much more effective than Ti 3+ because of its large magnetic moment (4 μ B /Mn 3+ , 5 μ B /Mn 2+ , and 1 μ B /Ti 3+ ). Figures 4(a)-4(d) summarize the carrier density and mobility as functions of temperature and gate field. As shown in Figs. 4(a) and 4(b) , there are two species of charge carriers in the 2DEG at low temperatures, a slow one and a fast one. With the increase of temperature, the slow carrier density (n 1 ) exhibits a monotonic growth whereas the fast one (n 2 ) Fig. 4(c) ]. Interestingly, the heavy manganese doping does not produce any adverse effect on mobility, probably due to gradient distribution in STO. As a comparison, n 1 and n 2 of the LAO/STO interface are also deduced, and are shown as dashed lines in Fig. 4(a) . n 1 is on the order of 10 13 cm −2 while n 2 is only ∼7 × 10 11 cm −2 . Presumably, the fast and slow charge carriers may be mainly the d Y Z /d ZX and d XY , electrons, respectively. As well documented [32, 33] , the d XY electrons have a larger population at interfacial layers, but their mobility is rather low, probably due to strong interfacial scattering despite their light effective mass. In contrast, d XZ /d Y Z electrons exhibit a much lower carrier density than the d XY ones, which occupy the inner TiO 2 layers, and exhibit a relatively high mobility.
A close inspection of the above data is suggestive. Based on both the temperature and the gate-bias dependence, the Kondo effect shows up whereas the AHE vanishes when the density of slow charge carriers n 1 is much larger than that of fast ones n 2 . In the opposite situation, however, the AHE emerges but the Kondo behavior disappears. Obviously, the slow and fast charge carriers interact with magnetic moments in a different manner. The former causes a Kondo screening, whereas the latter produce a magnetic coupling between local moments. It is their competition that determines the transport property of the 2DEG: The d XY electrons suffer from the magnetic scattering of Mn ions, resulting in the resistance upturn below ∼14 K. However, when the density of d XZ /d Y Z electrons is high enough, the FM exchange between Mn ions prevails, overwhelming the Kondo scattering. This is consistent with the declaration that the d XZ /d Y Z electrons can mediate a FM exchange between local moments since they disperse substantially in the z direction whereas the d XY electrons does not due to their 2D character [23] .
To get a clear picture on the effect of fast charge carriers, in Fig. 4(e) we show the R AHE to n 2 relation for three different LAO/LSMO(1-nm)/STO samples, obtained by tuning T from 2 to 50 K but keeping V G = 0 or sweeping V G from −40 to 40 V while keeping T = 2 K. In the low-n 2 regime, the Kondo effect dominates the transport process. However, it gives its way to AHE above the carrier density of n 2 = 7 × 10 12 cm −2 , irrespective of the ways that tune n 2 . For the t = 0 sample, carrier density of n 2 is very low, ∼7 × 10 11 cm −2 . Therefore, no FM order is established.
We have tried to insert a crystalline LSMO buffer layer into the LAO/STO interface, and found that the 2DEG always disappeared when layer thickness exceeded 1 uc, regardless of the growth temperature of the LAO top layer. It is an interesting question why the electronic behavior of the 2DEGs is so different when buffered by a recrystallized amorphous-LSMO layer and an initially crystalline LSMO layer. There are signatures that the crystallization of the amorphous layer has caused unique processes. First, a deep doping of manganese into STO has taken place. According to the STEM analysis [ Fig. 1(d) ], Mn ions have diffused into STO by 4 uc in the deposition process of the LAO cap layer, whereas they are only 1 uc into STO when a crystalline LSMO layer is directly deposited on STO [34] . The deep manganese doping will be helpful for the building up of a magnetic 2DEG. Second, substantial site exchange took place between Mn and Al around the LAO/LSMO interface [ Fig. 1(d) ]. This means that the separation between some AlO 2 layers and STO could be shorter than 2 uc. As a result, the blocking effect of the LSMO layer on LAO-STO charge transfer is partially broken. This explains why our 2DEG remains metallic when the LSMO layer is thick. Presumably, the Mn-Ti and Mn-Al site exchanges take place accompanying the amorphous-tocrystalline transition of the LSMO layer. However, the detailed processes are still not very clear at present, and require further investigations.
IV. CONCLUSION
In conclusion, magnetic 2DEG at the LAO/LSMO/STO interface has been obtained by gradient manganese doping into the interfacial layer of STO. It simultaneously shows an electrically tunable FM order and high carrier mobility. The temperature range for the 2DEG to be spin polarized is 30 K, threefold as wide as that without magnetic doping. There are indications that the magnetic exchange occurs between doped manganese ions, with the mediation of d XZ /d Y Z electrons. The present work opens an avenue toward high-performance spin-polarized 2DEG.
